Many of the attractive properties of graphene will only be realized when it can be mass produced. One bottleneck is the efficient transfer of graphene between various substrates in nanomanufacturing processes such as roll-to-roll and transfer printing. In such processes, it is important to understand how the ratio of shear-to-tension at the interface between graphene and substrates affects the adhesion energy. With this in mind, this paper examines the mixed-mode adhesive interactions between chemical vapor deposition (CVD) grown graphene that had been transferred to copper or silicon substrates. The approach that was taken was to use blister tests with a range of graphene backing layer materials and thicknesses in order to provide a wide range of the shear-to-tension ratio or fracture mode-mix at the interface. Raman spectroscopy was used to ensure that graphene had indeed been delaminated from each substrate. Measurements of pressure, top surface deflection, and blister diameter were coupled with fracture mechanics analyses to obtain the delamination resistance curves and steady state adhesion energy of each interface. The results showed that the adhesive interactions between graphene and both substrates (Cu and Si) had a strong dependence on the fracture mode-mix. In the absence of plasticity effects, the most likely explanation of this effect is asperity locking from the inherent surface roughness of the substrates.
Introduction
Graphene has been found to have extraordinary optoelectronic and mechanical properties that have attracted much attention in a wide range of potential applications. Typically, large-area CVD grown graphene will need to be removed from its seed substrate and transferred to target substrates of interest; both the removal and transfer steps require a fundamental understanding of the adhesive behavior between graphene and the substrates. The adhesion energy of graphene on various substrates has been measured by several research groups. By intercalating nanoparticles between graphene and silicon, Zong et al. [1] reported the adhesion energy to be 0.151 J/m 2 . Koeing et al. [2] measured the adhesion of micromechanically exfoliated graphene on SiO 2 , obtaining 0.45 J/m 2 for monolayer graphene and 0.31 J/m 2 for two to five layered graphene. Under nominally similar conditions, Boddeti et al. [3] found the adhesion energy for the graphene/silicon interface to be 0.250 J/m 2 , which suggests some variability in these measurements. Cao et al. [4] measured the adhesion energy of CVD grown graphene transferred to copper substrates using a large scale blister test, obtaining a steady state adhesion energy of 0.341 J/m 2 . Na et al. [5] used wedge tests and infrared interferometry method to measure the strength, range, and adhesion energy of interactions between transferred graphene on silicon and found it to be 0.357 J/m 2 . The adhesion energy between graphene and its seed copper is higher [6, 7] . The range of adhesion energies for graphene that has been transferred to silicon and copper might be due to contamination, surface roughness, or liquid trapped between the graphene and the substrate, as several authors have suggested [2, 5, 8, 9] . However, one more reason for these variations is the potential dependence of the adhesion energy on the ratio of shear-to-tensile stresses at the interface, also known as the fracture mode-mix, which was not considered in any of the previous experiments and can vary from one test configuration to another.
Interfacial fracture mechanics focuses on crack growth between two materials. This form of crack growth is common in many engineering applications, such as adhesive joints, fiber-reinforced composites, and thin film coatings [10] [11] [12] . As summarized in the review of interfacial fracture mechanics [13] , the mismatch of the material properties and the fact that the crack is constrained to grow along the interface dictates that the interfacial fracture energy in general depends on both tensile and shear stresses. In classical fracture mechanics parlance, interfacial fracture is governed by a combination of local mode I (tension) and modes II and III (forward and out-of-plane shear) effects. Dundurs' pioneering work established two parameters that capture the elastic mismatch of a bimaterial pair [14] . The complex singularity near crack tips resulting from small strain, linearly elastic stress analyses predicts wildly oscillating stresses and interpenetration of crack faces, phenomena which are not encountered in the fracture of homogeneous materials. Nonetheless, Rice [15] was able to put these phenomena in perspective and develop a working description of the stresses and displacements near interfacial crack tips. Suo and Hutchinson [16] derived a series of formulas for the energy release rate and stress intensity factors for mixed-mode interfacial cracks. In general, the interfacial fracture toughness depends on the mode-mix, where the fracture mode-mix is defined by a phase angle depending on the ratio between the shear and tensile stress intensity factors with a particular length scale for the interfacial crack. Often, the interfacial toughness rises as the contribution from mode II increases. Wang and Suo [17] conducted fracture tests on metal/epoxy systems and obtained higher toughness values at larger phase angles. Chai and Liechti [18] measured the toughness of a glass/epoxy interface over a wide range of mode-mix. A strong toughening effect was observed with increasing shear components (positive and negative). Several potential contributions to the toughening effect have been discussed. Evans and Hutchinson [19] proposed an analytical model based on asperity locking along the fracture interfaces. Swadener and Liechti [20] carried out an analysis on the crack of glass/epoxy interface and concluded that plastic dissipation accounted for the toughening. Additional mechanisms such as viscoelasticity can be seen in Ref. [21] . In many of the experiments, devices that could apply biaxial loading conditions were used to control loading paths with various tension and shear combinations. In this study, a simple blister test was used. Different mode-mixes were achieved by varying the stiffness of the blister layer. This has been alluded to by Jensen and Thouless [22, 23] who considered pressurized blisters and showed that a range of negative mode-mixes could be obtained. Here, it is found that positive mode-mixes can be obtained by using laminated blister films with a very compliant layer at the substrate/blister interface, thereby greatly extending the range of mode-mix available to the blister test.
In this paper, we present a series of blister tests for photoresist/ polydimethylsiloxane (PDMS) and photoresist/PDMS/graphene laminated films placed on copper and silicon substrates. Full field interferometry measurements were carried out to measure the blister profiles. Numerical simulations were carried out to establish how the mode-mix might be controlled by changing the thicknesses of the photoresist and PDMS layers. Delamination resistance curves were obtained for different interfaces, and the adhesion energies of graphene/copper and graphene/silicon interfaces were determined as a function of mode-mix. Raman spectroscopy was used to identify the delaminated interface and determine the quality of graphene following delamination.
Experimental
A schematic of the blister test is shown in Fig. 1 . The film is pressurized with deionized water through a hole in the substrate using a syringe pump operating in volume control. The deflection of the free surface of the film is measured with an interference objective at the same time as the pressure is measured by a pressure transducer. The details of the apparatus, image, and data processing can be found in our previous paper [4] . The main modification for the present work was the use of a PDMS layer in the film, which required some changes in the experiment and analysis.
Sample Preparation.
In the previous study [4] , photoresist was used as a backing layer for graphene. However, it was determined that the photoresist had a peak in its Raman spectrum that was very close to the G peak for graphene, thereby obscuring the assessment of the quality of the graphene. For this study, PDMS (Sklgard 184, silicone) was coated on graphene directly, because it does not generate as much background noise as photoresist does in Raman spectra [4] . However, photoresist (MicroChem Corporation, Westborough, MA, SU-8 2035) was still needed here, because the blister deflection would otherwise be out of the measurement range of the interferometer. A second set of specimens consisting of the same PDMS and photoresist but without graphene was tested as a control.
The graphene that was used in this study was produced by CVD [24] . Then it was transferred [25] to copper films, roughly 100 nm thick, which had been deposited on a silicon wafer using a Denton thermal evaporation system. The operating pressure was approximately 10 À6 Torr, and the deposition rate was 1 Å /s. PDMS consists of a base and a cross-linker which were mixed in a 10:1 weight ratio to achieve a fully cross-linked elastomer. The mixture was stirred for 5 min and then put in a vacuum desiccator to degas for 20 min. The PDMS was then spun on top of the graphene at 3000 rpm for 35 s. The sample was then cured at 75 C for 2 hrs. The nominal thickness of the PDMS ranged from 10 to 50 lm. For each specimen, the thickness was measured using a profilometer (Dektak6M) with a vertical range and resolution of 260 lm and 10 nm, respectively. The photoresist was then spun on top of the PDMS for 35 s at 3700 rpm to a nominal thickness of 40 lm. In some cases, a thinner (Su-8 2000) was added to the photoresist as a solvent to produce layers of 10-20 lm by varying the solvent concentration. After curing, a razor blade was used to cut 1 Â 1-cm grids on the laminated graphene/PDMS/ photoresist film. The assembly was then submerged in an ammonium persulfate solution (1.0 wt. %). The etchant flowed into the trenches to etch away the copper film underneath the graphene. This process took 3-4 hrs. Subsequently, all the small squares of the laminated films were rinsed in deionized water. In this way, optically flat graphene/PDMS/photoresist films were obtained and each square was used to produce a circular blister. The same process was used to produce PDMS/photoresist films without graphene.
The next step was to transfer the square film over a hole in a substrate to produce a suspended film. Copper and silicon substrates were used here. The copper substrate was made of 101 oxygen-free, high-conductivity copper (Trident, Inc., Richardson, TX). The hole in the copper substrate was mechanically drilled with a diameter of 544 lm. The surface of the substrate was then polished by a range of sandpapers, and 3, 1, and 0.05 lm diamond compound pastes, until it was mirrorlike. Deionized water and acetone were applied to clean the surface after polishing. The substrate was then scanned by atomic force microscopy. The rootmean-squared (RMS) roughness was about 5 nm over a 10 Â 10 lm area at approximately 0.15 mm from the edge of the hole. The Si (111) substrate had a hole whose diameter was 832 lm, which was produced by laser-drilling (Potomac Photonics, Inc., Baltimore, MD). The silicon surface in the vicinity of the hole was not damaged by the drilling process. It was cleaned by deionized water and acetone before the laminated films were transferred onto it. Its RMS roughness was less than 0.4 nm.
After the transfer, the specimen was baked at 75 C for 15 min with pressure being applied to the film via a small weight (approximately 100 g). The temperature was chosen to be the same as the curing temperature for PDMS so that the flow of PDMS could improve the contact between the film and the substrate. The weight helped improve the contact between the film and the substrates.
Blister Deflection.
After attaching the specimen to the pressure manifold with a rubber O-ring seal, the assembly was placed under the microscope (Fig. 1) . The distance between the interference objective and the specimen was carefully adjusted so Transactions of the ASME that fringe patterns were visible. At this time, the tilt of the reference mirror in the interference objective was also adjusted to establish proper alignment. Deionized water was then injected at a rate of 5 ml/hr in order to pressurize the blister. At zero pressure, the suspended film was slack and drooped slightly below the substrate surface. The possible reasons were discussed in Ref. [4] . In subsequent analyses of the blister profiles, deflections were measured with respect to this initial state. An example interferogram of a graphene/PDMS/photoresist blister on copper at 45.4 kPa pressure is shown in Fig. 2 . The initial diameter of the blister was 544 lm. The crack had propagated slightly at this pressure, as indicated by the crack front location. The crack front is visible as a thin black line in the interferogram. Each fringe represents a height contour of the outer surface of the blister. The height interval between two successive dark fringes was 275 nm (half wavelength of green light). Due to the large compliance of PDMS, the deflection of the upper surface of the blister extended far beyond the crack front. As the pressure increased, more and more circular fringes were generated. Delamination between the film and the substrate initiated at a critical pressure and remained stable until a second critical pressure was reached, at which point the delamination became unstable and the film was blown off. Before the blowoff, the delamination propagated rapidly for approximately 2 s. Stopping water injection did not arrest the unstable propagation. During the whole process, distinguishable fringes were apparent all over the blister, thereby enabling whole field measurement of the blister profiles. The film thickness was optimized to ensure that the full range of deflections could be measured within the range of the pressure transducer. Raman spectroscopy was used to determine the delamination path and quality of the graphene once the graphene/PDMS/photoresist film had completely delaminated.
Analysis
In previous analyses of blister specimens [4, 26] , the diameterto-thickness ratio allowed the use of linear and nonlinear plate theories. However, in the specimens that were used in the present study, the diameter was smaller and the layer thickness was larger, which precluded the use of plate theories. Accordingly, finite element analysis was employed for the fracture analysis of the specimens using the commercial package ABAQUS V R . All material components were taken to be linearly elastic and isotropic (Table  1) . Energy release rates and stress intensity factors were determined by postprocessing routines in ABAQUS.
The finite element model (Fig. 3) was axisymmetric with h PR and h PDMS denoting the thickness of photoresist and PDMS, respectively. The radius of the hole in the substrate was a 0 and Da was the increment in the blister radius due to delamination. The outer radius of the substrate was 1000 lm, much greater than the largest blister radius considered. The substrate was either copper or silicon, and its thickness was 80 lm. Graphene was not included in the model, because it was extremely thin compared to the other layers. Except for the delaminated portion, perfect bonding was imposed at the photoresist/PDMS and PDMS/substrate interfaces, making this a linearly elastic fracture mechanics model, where any process or sliding zones are assumed to be small. Uniform pressure was applied to the blister and between the crack faces. A series of models with different blister radii a ¼ a 0 þ Da ð Þ were assembled to calculate the energy release rate and mode-mix. Quadrilateral elements (CAX8R) with reduced integration were used throughout the body except in the vicinity of the crack tip, where a set of quarter point singular elements were used to capture the stress singularity. Based on the observation that deflection of the outer surface of the blister extended well beyond the crack front, nonlinear geometrical analysis was incorporated in the simulations in order to account for potentially large deformations of the compliant PDMS. The J-integral, interfacial stress intensity factors, and fracture mode-mix were obtained using the interactive integral approach [27] . A suitable level of mesh refinement was established by convergence of the Jintegral values, and it was determined that large deformations in the PDMS increased the J-integral values by 0.8%.
For reference, a brief summary of interfacial fracture mechanics concepts [13] is presented here. If E i ; l i ; i are the tensile and shear moduli and Poisson's ratios of the two materials i ¼ 1; 2 ð Þ across the interface, the Dundurs' elastic mismatch parameters are
where
À Á in plain strain (also axisymmetric) and E i ¼ E i in plane stress. The parameter a approaches 1 when the upper material i ¼ 1 ð Þ is extremely stiff compared to the lower one i ¼ 2 ð Þ, and approaches À1 when the upper material is extremely compliant. Both a and b are 0 when there is no elastic mismatch. For blisters with PDMS, a and b were close to À1 and 0, respectively, because PDMS % 0:5 and E PDMS ( E s .
The complex stress intensity factor for an interfacial crack is
where the real and imaginary parts are K 1 and K 2 . The normal and shear stresses directly ahead of the crack tip can be written in complex form as 
g is the bimaterial constant and r is the distance from the crack front. The phase angle of mode-mix is defined as
where l is an arbitrary length scale which was taken to be h PR for specimens without PDMS. Since b was close to 0 in the blisters with PDMS, the bimaterial constant e is approximately zero, making the choice of length scale inconsequential. The J-integral or energy release rate is related to the stress intensity factors through
Values obtained from Eq. (5) differed from those obtained by the J-integral calculation in ABAQUS by less than 1% in all simulations.
Results and Discussion
First, we determined the Young's moduli of PDMS and photoresist by comparing the measured blister profiles with solution from the finite element model. Once this was accomplished, the analysis was generalized in order to conduct a parametric study that would allow experimental data to be quickly analyzed using a set of dimensionless parameters. The effects of material properties and specimen geometry on the fracture mode-mix were investigated in order to extend the commonly accepted range of modemix [23] available to the blister test. The results were then applied to a number of experiments that were conducted to explore any variations in adhesion energy of graphene with mode-mix.
The sensitivity of the deflection of the outer surface of the blister to the Young's moduli of the PDMS and photoresist was exploited to determine E PDMS and E PR . As mentioned in Sec. 2, the surface deflection extended beyond the crack front (Fig. 2) because of the high compliance of the PDMS layer. This phenomenon was also observed in the finite element solutions. As shown in Fig. 4(a) , while the inner surface of the blister was deflected up to the crack front r=a 1 ð Þ , the deflection of the outer surface remains appreciable in an annular region beyond the crack front 1 r=a 1:6 ð Þ . To compare with the measured deflection of the outer surface, we conducted a parametric study of the effect of the moduli of the PDMS and photoresist. Varying the modulus of the photoresist resulted in notable differences in the central deflection of the blister (Fig. 4(a) ) but had little effect on the deflection beyond the crack front r=a > 1 ð Þ . On the other hand, the effect of stiffness of PDMS was significant beyond the crack front (Fig. 4(b) ), where both the deflection and the radius at which it became zero were reduced with higher values of E PDMS . As a result, the modulus of the PDMS was determined first by matching the surface deflection beyond the crack front, after which the photoresist modulus was determined by matching the central deflection. Using this approach, the moduli of the photoresist and PDMS were found to be 3.4 GPa and 0.8 MPa, respectively, which are in good agreement with previously published values [28] . The Poisson's ratios were taken to be 0.5 for PDMS and 0.35 for the photoresist in all simulations.
The energy release rate for the interfacial crack of the blister can be written in dimensionless form as
where gave the best fit to the finite element results for h PDMS =h PR ¼ 2:38. By substituting measured pressure levels and blister radii into Eq. (7), the energy release rate at any point of time in an experiment could be obtained. Similar polynomial fits were obtained for other thickness ratios, and the corresponding coefficients are presented in Table 2 . The effects of geometry and material properties on the modemix are shown in Fig. 6 . As defined in Eq. (4), the mode-mix phase angle is a dimensionless function characterizing the ratio between shear and tensile stresses ahead of the crack front. For the blister tests in the present study, dimensional considerations suggest that Figure 6 (a) shows that the fracture mode-mix was independent of the crack length for the PDMS/graphene/copper and PDMS/ graphene/silicon specimens considered in this study. Thus, in each blister test, the mode-mix did not vary during the delamination process, thereby allowing the adhesion energy for a given modemix to be obtained for each specimen. For blister tests with bare photoresist films, the Dundurs' parameters for the interface are different with a nonzero value of b. As a result, the mode-mix angle depends on the choice of a length scale following the definition given in Eq. (4), taking the form
By taking l ¼ h PR , the phase angle for the photoresist/Cu interface is only a function of a=h PR (Fig. 6(b) ). While this is a somewhat arbitrary choice of length scale, another length scale (say l 1 ) can easily be incorporated through the transformation w 1 ¼ w þ e lnðl 1 =lÞ [13] . In this case, the mode-mix does change during the delamination process. However, for each specimen, the amount of crack growth was relatively small so that the mode-mix was approximately constant. On the other hand, by changing the thickness h PR of the photoresist, it is possible to achieve modemix values ranging from À20 deg to À60 deg. It is interesting to note that the signs of the mode-mix were opposite for the blister tests using the PDMS/photoresist and bare photoresist films. As shown in Fig. 7 , the shear stress distributions around the crack front differ dramatically for the cases with and without PDMS. In the latter case, the shear stress straight ahead of the crack is negative and thus the phase angle is negative, similar to previous studies of blister tests using relatively stiff films [23] . However, when a PDMS layer is inserted, the shear stress becomes positive so that the phase angle becomes positive. This is largely due to the compliance of PDMS. Consequently, the deformation near the crack front is much larger than with the bare photoresist, as can be seen from the crack opening in Fig. 7 (a) as well as Fig. 4(a) . The effect of PDMS compliance is further examined in Fig. 6(c) , where the phase angle decreases with increasing PDMS modulus and becomes negative when E PDMS ¼ 800 MPa. Thus, by using a compliant layer with different elastic moduli, a wide range of mode-mix can be achieved in the blister test. Figure 6(d) shows the dependence of mode-mix on the thickness ratio h PDMS =h PR for the two cases with PDMS. Within the range of thickness accessible to spin-coating, the mode-mix was mainly controlled by the thickness of the photoresist. The mode-mix increased as the photoresist layer became thicker. The analysis just conducted (Fig. 5 and Eq. (7)) allowed delamination resistance curves to be obtained from measurements of pressure, crack length, and layer thickness. Figures 8(a)-8(d) are the resistance curves for graphene/copper, PDMS/copper, graphene/silicon, and PDMS/silicon interfaces, respectively. The mode-mix was 27.0 deg for Figs. 8(a) and 8(b) and 29.7 deg for Figs. 8(c) and 8(d) . We assume that the presence of graphene had no effect on the mode-mix. Resistance curves for other modemixes were also determined by varying the thickness of the photoresist. In all cases, the resistance to delamination grew rapidly from the initiation toughness G ¼ C 0 ð Þto the steady state regime G ¼ C ss ð Þand then to unsteady growth, represented by the last data point in each resistance curve. Similar resistance curves were also observed in Ref. [4] for bare photoresist and photoresist/ graphene films. Here, the initiation toughness of each interface ranged from 0. 16 The dependence of the steady state adhesion energy on modemix was measured for the four interfaces (graphene/copper, graphene/silicon, PDMS/copper, and PDMS/silicon) using five different thicknesses of photoresist; 11, 20, and 41 lm for specimens with PDMS/photoresist laminates, and 15 and 33 lm for bare photoresist. Their mode-mixes were 14 deg, 19 deg, 27 deg, À42 deg, and À30 deg, respectively. Specimens with photoresist thickness less than 10 lm were not considered in order to maintain the central deflection of the blister within the measurement range of the interferometer. The adhesion energy of the graphene/silicon interface was obtained from the current set of experiments as well as the results reported in Ref. [5] . The results (Fig. 9) showed a clear dependence of toughness on mode-mix in all cases. The interfacial toughness increased as the shear stress component became larger. Such increases in interfacial toughness have often been associated with increased plastic dissipation with shear [18, 29, 30] . However, given the relatively low toughness values encountered in this study, it is unlikely that this was the mechanism here. Asperity locking of rough surfaces in the presence of shear [19] has been proposed as another potential toughening mechanism.
The model developed in Ref. [19] was for a crack in a homogeneous material, but will nonetheless be employed here, given that the moduli of PDMS and photoresist are much lower than those of copper and silicon. The effect of asperity locking on the adhesion energy was given by
where a 0 % 0:1ðEH=C
. The parameter a 0 reflects the influence of elastic modulus E and facet height H. Due to asperity locking, the adhesion energy C ss w ð Þ is a (10) is that the facet wavelength and height are the same. The facet height was taken to be the RMS roughness of the copper and silicon surfaces and the values of a 0 for the specimens used in this study are summarized in Table 3 . The RMS roughness of the copper and silicon substrates was 4.4 and 0.5 nm, respectively. The mode I toughness C 0 ss was obtained for each interface by fitting the measured adhesion energy with Eq. (10), as listed in Table 3 . Figure 9 shows the adhesion energy envelopes, comparing the measurements with Eq. (10). It can be seen (Figs. 9(a) and 9(b) ) that the asperity locking model fits the data well for the graphene/copper and graphene/ silicon interfaces. The fit for the PDMS/copper interface (Fig.  9(c) ) and PDMS/silicon interface ( Fig. 9(d) ), which could only be obtained for positive phase angles (w > 0), was reasonable.
After the graphene/PDMS/photoresist membrane had been blown off from the substrate (copper or silicon), the graphene side of the membrane was inspected by Raman spectroscopy in order to verify that the delamination occurred at the graphene/substrate rather than graphene/PDMS interface. In Ref. [4] , the Raman spectra of the graphene side of the photoresist membrane before and after a blister test were reported with the intensity ratio of signatures of graphene G peak ($1583 cm À1 ) to 2D peak ($2721cm À1 ), (I G =I 2D ) around 1:12. The D peak region (1350-1380 cm À1 ), which is used to ascertain the quality of the graphene, was masked by contributions from the photoresist underneath. Thus the results indicated the presence of monolayer graphene on the membrane, but its quality could not be determined.
In order to improve the diagnosis of the delamination path, PDMS was spun between graphene and photoresist. Because PDMS does not contain sp 2 carbon bonding, it does not generate background noise to change the ratio of the G to 2D peak intensities. Figure 10 shows the Raman spectra of (a) PDMS and the graphene surfaces of PDMS/photoresist membrane after delamination from (b) a copper substrate and (c) a silicon substrate. Each spectrum was itself an average of three runs. The spectrum of a bare PDMS surface ( Fig. 10(a) ) confirmed that it did not have any peaks near the G and 2D peaks of graphene. There were some peaks near the graphene D peak, thereby leaving open the possibility of D peak masking. Peaks from PDMS on graphene delaminated from copper ( Fig. 10(b) ) and silicon ( Fig. 10(c) ) indicated that the graphene had been successfully transferred to PDMS. The G and 2D peaks occurred at 1586 and 2724 cm À1 for delamination from copper and 1592 and 2727 cm À1 for silicon, respectively. Such a minor difference might be due to residual stresses in graphene [31] . The ratio of the peak intensities I 2D =I G ð Þ is 3:1 for high quality graphene on silicon, and the value obtained here was 2.3:1, which indicates that the graphene under the beam spot was a monolayer and free of defects as indicated by absence of the D peak. Figure 10(d) is a Raman map of the ratio in a region near the hole with an average value of 1.8. In most areas, the ratio was approximately 2, which is indicative of monolayer graphene. In a very few spots, the ratio was less than 1; these could correspond to small flakes of multilayer graphene formed during the CVD process. Thus the characterization of the fracture surfaces by Raman spectroscopy confirmed that graphene had indeed been successfully transferred from the copper and silicon substrates to PDMS.
Conclusions
The dependence of the adhesion energy between CVD grown graphene and copper and silicon substrates to which it had been transferred was determined by blister tests that made use of composite backing layers made up of PDMS and photoresist in order to vary the ratio of shear-to-tensile stresses or the fracture modemix at the interface. The use of PDMS next to the graphene was particularly useful in extending the range of the mode-mix that is typically accessible to blister tests as well as removing ambiguities in Raman spectra that arise when using epoxies. For both copper and silicon substrates, it was found that the adhesion energy between them and graphene was strongly dependent on the fracture mode-mix in spite of the fact that all materials were behaving elastically during delamination. This led to the conclusion that asperity locking due to the surface roughness of the substrates is responsible for the noted mode-mix dependence of the adhesion energy. 
